Experimental and theoretical investigations of the infrared-active, polarization-dependent phonon frequencies of cubic boron nitride films have been performed in light of recent claims that large frequency shifts during initial nucleation are the result of strain caused by highly nonequilibrium growth conditions. We show that the formation of small, separate grains of cubic boron nitride during the initial growth leads to a frequency shift in the infrared-active transverse-optic mode, polarized normal to the substrate, which is opposite in sign and twice the magnitude of the shift for modes polarized parallel to the substrate. In contrast, film strain causes a frequency shift in the mode polarized normal to the substrate, which is much smaller in magnitude than the frequency shift for modes polarized parallel to the substrate. Normal and off-normal incidence absorption measurements, performed at different stages of nucleation and growth, show that large frequency shifts in the transverse-optic-phonon modes during the initial stage of growth are not compatible with the expected effects of strain, but are in large part due to nucleation of small isolated cubic BN grains which coalesce to form a uniform layer. Numerical results from a simple model of island nucleation and growth are in good agreement with experimental results. ͓S0163-1829͑97͒06440-0͔
I. INTRODUCTION
Although the growth of cubic BN was first demonstrated 1 using a variety of catalysts at high temperature and pressure, recent efforts have concentrated on thin film deposition processes. A common feature of cubic BN deposition processes is the use of an energetic plasma to promote the growth of the cubic phase. [2] [3] [4] [5] [6] [7] Boron nitride films grown under these highly nonequilibrium conditions undergo an unusual series of transitions leading to an amorphous-hexagonal-cubic layer structure. 8 Interestingly, the hexagonal layer is found to orient with the c axis parallel to the substrate surface. Using a thermodynamic free-energy analysis involving biaxial film stress, McKenzie 9 showed that the highly compressible c axis of hexagonal BN should orient parallel to the substrate surface to accommodate in-plane film strain, and also suggested that the buildup of unannealed defects generates sufficient internal film stress to reach the regime in the phase diagram where cubic BN is stable. Several researchers have since reported that cubic BN formation either scales 10 with or, is linked 6, 8, 11 to, compressive stress. Yet there seems to be little evidence to differentiate between cubic BN forming as a consequence of compressive stress or forming in conjunction with it. In a recent publication, 12 Friedmann et al. used Fourier transform infrared ͑FTIR͒ spectroscopy to study the initial nucleation of the cubic phase, and reported a large ͑positive͒ shift in the zone-center cubic TO-phonon frequency which decreased to an equilibrium value as growth continued. They propose that this frequency shift is consistent with high compressive stress during the initial nucleation of the cubic phase, and that it supports the transition mechanism proposed by McKenzie.
In this paper we examine the mechanism for phonon frequency shifts during the nucleation and growth of cubic BN. We show that, while the zone-center TO frequency is sensitive to strain, it is also highly sensitive to geometrical factors during initial nucleation. We find that the available normalincidence infrared spectroscopy data can be explained simply by a phenomenological theory which demonstrates the effect of island nucleation and coalescence on the frequencies of transverse-optic phonons. Moreover, we find that offnormal-incidence infrared-absorption measurements allow us to differentiate clearly between frequency shifts caused by strain and those due to geometrical factors arising during the initial formation of isolated crystallites. When off-normalincidence data are taken into account, the very large shifts in the phonon frequencies which occur at the initial stages of growth are clearly not compatible with the expected effects of strain proposed by Friedman et al., 12 but are in large part due to island formation and coalescence.
The effects of boundary conditions on the mode frequencies in small crystallites were considered by Fröhlich 13 as early as 1949. An extensive review of early theoretical and experimental results is given by Ruppin and Englman. 14 More recently, such effects have been of great interest in confined semiconductor structures ͑e.g., quantum-wells, 15 quantum dots, 16 and microcrystallites
17
͒. In general, it is found that the depolarizing electric field which gives rise, for example, to the LO-TO splitting for bulk modes in heteropolar materials, is strongly dependent in small samples on the geometry of the material and the mode excited. 14 The simplest instance of such geometry or sample boundary effects in the present experiment is seen in the infrared absorptance spectrum measured at off-normal incidence for the case of thicker, uniform cubic boron nitride films. At off-normal incidence, infrared radiation couples to lattice modes with polarization normal to the film surface. Because of the depolarizing field due to the induced surface charges, this mode appears at the bulk LO mode frequency, 18 although it is not a longitudinal mode. ͑It propagates along the film and so has a polarization perpendicular to its propagation wave vector.͒ This is the simplest example of the effects of surface geometry on the TO mode frequencies.
The remaining sections of this paper are organized as follows. In Sec. II we present the measurements of normal and off-normal-incidence infrared absorptance of BN thin films at various stages of film growth. Section III gives an analysis of the effects of grain geometry during cubic BN nucleation and growth on the infrared-active mode frequencies for polarizations normal and parallel to the substrate. In Sec. IV we analyze the effects of strain on the cubic BN infrared-active mode frequencies. We discuss the significance and implications of the combined experimental and theoretical results in Sec. V.
II. EXPERIMENTAL RESULTS
Cubic boron nitride films were grown on Si͑100͒ substrates by an rf magnetron sputter deposition process. 5 During growth, the substrates were biased negatively with respect to the ground, and were immersed in a nitrogen plasma produced by an electron cyclotron resonance ͑ECR͒ source. The growth temperature for this series of samples was 1100°C and the nitrogen ion current, measured at the sample using a Faraday cup, was 0.9 mA/cm 2 . Optimum conditions for initiation of c-BN growth were found with a substrate bias of Ϫ80.0 V, and the film growth rate was measured to be Ϸ4.5 Å/min for the cubic material ͑7.2 Å/min for the hexagonal material͒. Infrared-absorption spectra were collected with 2-cm Ϫ1 resolution using a nitrogen purged Nicole Magna 550 Series II FTIR spectrometer. A bare silicon substrate, from the same wafer as the sample substrates, was used for background subtraction from the sample spectra.
Films grown under the conditions outlined above, with a thickness ranging from approximately 2000 to 4500 Å, were characterized structurally using both plan view and highresolution transmission electron microscopy ͑TEM͒. The cross-section electron-diffraction patterns indicate an oriented hexagonal layer, with the c axis parallel to the substrate surface, and c-BN crystallites oriented in a ͓111͔ texture around the substrate normal. The high-resolution cross sections also reveal an amorphous-hexagonal-cubic layer structure similar to that reported in the literature. 8 A series of much thinner films, with a total film thickness ranging from approximately 450 to 800 Å, was characterized using scanning force microscopy ͑SFM͒. The SFM images ͑see Fig. 1͒ reveal that the cubic BN layer initially nucleates on the hexagonal BN layer as highly aligned triangular crystallites. The triangular crystallites appear to nucleate at random locations on the surface, but remain highly aligned in the thinnest films. As growth continues, the triangular islands are seen to coalesce into a uniform layer with an average crystallite size of approximately 700 Å. The first continuous layer is very smooth, with a rms roughness on the order of 20 Å. Further growth continues with crystallites of similar size and shape nucleating on top of one another, but the orientation becomes more random and roughness increases.
The triangular crystallites observed in the SFM images of very thin films are strongly suggestive of ͓111͔ crystal planes, which would indicate that the cubic BN initially nucleates with the ͓111͔ axis normal to the film surface, or more specifically, normal to the hexagonal BN ͓0002͔ ͑c axis͒. The orientation appears to become more random as growth continues, which is consistent with TEM diffraction results from thick films. While the orientational effects we observe are extremely interesting and require further investigation, the most important information to be taken from these images is that the cubic BN nucleates as isolated crystallites which coalesce to form a uniform film as growth continues. Figure 2 shows infrared-absorption spectra collected at normal incidence for this same series of samples at different stages of growth. Spectra were measured at room temperature, after the growth of each sample was complete. The absorption peak which increases and shifts with growth time is the cubic BN zone-center TO-phonon mode with polarization parallel to the film surface. The frequency of this mode is typically cited as 1065 cm Ϫ1 in bulk cubic BN crystals. 19 The absorption peaks near 770 and 1380 cm Ϫ1 are BN TOphonon absorptions 20 from the amorphous and oriented hexagonal layers in the film. Peak positions, determined from a computer-generated fit to the entire absorption spectrum, are listed in Table I ͑top half͒.
The frequency of the cubic TO mode is plotted in Fig. 3 as a function of cubic BN growth time. High-resolution TEM cross sections indicate that cubic BN growth begins when the hexagonal BN layer is approximately 300 Å thick, i.e., approximately 40 min after deposition begins. Included in this figure are data from thick samples grown to over 3000 Å. We observe that the cubic TO mode is shifted to higher frequency at the initial nucleation stage, and rapidly de- creases to a minimum value, slightly above that of bulk cubic BN. This is similar to the findings of Friedmann et al., 12 who attributed this shift to intrinsic film stress, suggesting that nucleation of the cubic phase occurs as a result of extremely high stress. In Sec. V, below, we will offer an alternative explanation for the initial large frequency shifts based on geometrical factors during the nucleation and coalescence of individual cubic BN grains on the substrate.
The absorption peaks observed at normal incidence are well reproduced in the infrared absorptance at off-normal incidence for films in the initial stages of cubic BN nucleation and growth. Shown in Fig. 4 are absorption spectra collected with the IR beam incident 60°from the sample normal. In this geometry two additional TO modes, at 1618 and 1305 cm Ϫ1 , appear in the spectra. While these modes are strictly TO with mode polarizations perpendicular to the surface, 18 they appear near the LO frequencies of bulk hexagonal 21 ͑h-BNLO is equal to 1610 cm Ϫ1 ͒ and cubic 22, 23 BN ͑c-BNLO is equal to 1305 cm Ϫ1 ͒, respectively. The peak positions of the LO peaks in the spectra are listed in Table I ͑bottom half͒.
III. THEORY OF SHIFTS DUE TO ISLANDING
We now consider the effects of islanding ͑i.e., the formation of separate, individual cubic BN grains͒ on the infraredabsorption peaks during the initial stages of growth. In particular, using a simple model of the IR modes and the island geometry, we will show that the relation
Infrared-absorption spectra of boron nitride films measured at normal incidence. The films are identified by total growth time which includes the growth time for the amorphous and hexagonal BN layers. TABLE I. Peak positions from the infrared absorption spectra taken at normal ͑top half of the table͒ and off-normal incidence ͑bottom half͒. The peak shift ratio calculated for the off-normal incidence spectra assumes ͑see text͒ that the cubic TO peak position is affected by the residual strain ͑i.e., ⌬ T ϭ T Ϫ1077 cm Ϫ1 ͒. approximately holds, where z is the mode frequency for polarization normal to the substrate, and x,y is the frequency for polarizations parallel to the substrate. For the purposes of this analysis, we assume initially that no shifts are caused by strain, by chemical impurities, or by nonstoichiometric composition of the cubic BN. Then, in Sec. IV, we will take the effects of strain into account explicitly.
Growth time
We assume that we are dealing with a zone-center ͑infi-nite wavelength͒ phonon mode, and that the mode amplitude is approximately constant throughout each cubic BN grain. This is true if the grain shape can be approximated by an ellipsoid. 13, 14 We also assume that the mode amplitude is the same for all grains on the substrate, neglecting electromagnetic retardation effects. This amounts to the approximation that the wavelength of the infrared light is substantially greater than the distance between grains of cubic BN on the substrate.
The macroscopic depolarization field within each grain ͑which is proportional to the polarization density P within the grains͒ gives rise 24 to a shift in the mode frequency . Then 2 Ϫ T 2 is proportional to the depolarization factor NϭϪ/P. The depolarization factor depends 14, 25 on the shape of the individual grains, the electronic polarizability of the media ͑i.e., vacuum, hexagonal BN, and Si͒ near the grains, and the distribution of grains on the substrate. Moreover, N is different for modes with polarization normal to the substrate than it is for modes with polarization parallel to the substrate.
For a uniform layer, 18 Nϭ0 for modes polarized parallel to the substrate, and the phonon frequency equals the bulk TO frequency T . In the same geometry, Nϭ4 for the mode polarized normal to the substrate, and the phonon frequency equals the bulk LO frequency L . Thus, in general, we have that
As the individual islands coalesce to form an approximately uniform layer, the observed frequencies tend to the limits T and L for modes polarized parallel and perpendicular to the substrate, respectively. We expect this limit to be reached when the grain size is approximately equal to the distance between grains on the substrate. Shown in Fig. 5 is a schematic section of the cubic BN grains on the silicon substrate during the initial state of growth. We may consider the depolarization field within each grain, and hence the shift 2 Ϫ T 2 in Eq. ͑2͒, as arising from three sources: ͑1͒ the field due to the induced surface charge density on the cubic BN grain; ͑2͒ the field due to the surface charges induced on the hexagonal BN-silicon and hexagonal BN-vacuum interfaces; and ͑3͒ the electric dipole fields from the other cubic BN grains on the substrate.
In order to estimate contribution ͑1͒, we approximate the cubic BN grain by an ellipsoid of revolution of appropriate aspect ratio with its axis normal to the substrate. We assume that the cubic BN is surrounded by hexagonal BN ͑as indicated by the TEM cross sections͒, and neglect the small difference between the optical dielectric constant (⑀ϭ4.5) of hexagonal BN and that of cubic BN. We then use the standard result 25 that the depolarization factors N x , N y , and N z of any ellipsoid for polarization along the principal axes x, y, and z, respectively, satisfy the relation N x ϩN y ϩN z ϭ4. Since N x ϭN y , then N z ϭ4Ϫ2N x,y , where N z and N x,y are the depolarization factors for the modes polarized normal and parallel, respectively, to the substrate.
To estimate contribution ͑2͒ of the induced charge on the hexagonal BN-silicon and hexagonal BN-vacuum interfaces, we use the method of images, as applied to planar interfaces between dielectric media. 26 We can then approximate the field due to the interface charges with those of image dipoles above and below the interfaces, as shown in Fig. 5 . The depolarization field at the cubic BN grain is that of dipoles oriented as in Fig. 5͑a͒ for normal polarization, and as in Fig.  5͑b͒ for parallel polarization. At a given distance from a dipole, the field is twice as large along the axis of the dipole as it is in the equatorial plane. 27 Thus the depolarization field from the interface charges for normal polarization of the phonon mode is approximately twice as large ͑and opposite in sign͒ as that for polarization parallel to the substrate. Adding contributions ͑1͒ and ͑2͒, we see that the depolarization factors again satisfy N z ϭ4Ϫ2N x,y , as for contribution ͑1͒ alone.
Finally, contribution ͑3͒ to the depolarization field due to the other cubic BN grains distributed on the substrate may be calculated as follows: The other cubic BN grains are randomly distributed on the surface, and their polarization is parallel to that of the grain for which we are calculating the depolarization field. Thus this contribution to the depolarization field is that of a set of parallel dipoles randomly distributed over the substrate, excluding the area occupied by the grain for which we are calculating the depolarization field. The average contribution to the depolarization field due to dipoles randomly distributed in an annulus of thickness dr at a distance r from the grain is equal to for polarization normal to the substrate, where p s is the average dipole strength per unit area of the surface. Thus, with the inclusion of this contribution from the other grains to the depolarization field, we again find that the relation N z ϭ4 Ϫ2N x,y between the depolarization factors remains valid. Substituting this relation into Eq. ͑2͒, we obtain the result given in Eq. ͑1͒. Much of the argument which leads to this conclusion is not specific to cubic BN, and should be applicable to many wide-band-gap polar semiconductors or insulators growing on silicon substrates. In particular, the argument giving contribution ͑3͒ of other grains on the substrate to the depolarization field within each grain is independent of the details of the shape and local environment of the individual grains. Hence, during the initial stage of growth when the coverage is very low, one should find in general for polar materials which grow by island nucleation and coalescence that d z 2 /dtϭϪ2d x,y 2 /dt, where t is the growth time. In order to estimate the time dependence of the IR shifts, we make some further simplifications to our model of growth: we assume that the aspect ratio of the grains does not change during the initial growth process, i.e., prior to coalescence of the grains. In this case, the local contributions ͑1͒ and ͑2͒ to the depolarization field within each grain discussed above will be constant. Only contribution ͑3͒ above, i.e., due to the dipole fields of the other grains, will change with time. At very low cubic BN coverage, i.e., when the cubic BN initially nucleates, the dipole fields of the other grains will be negligible. Assuming that the grains are approximately spherical, and that contribution ͑2͒ of the interface charges is small, then the local contributions to the depolarization field will be x,y,z ϭϪ4P x,y,z /3, and the frequency of all modes for very low cubic BN coverage will be approximately equal to the Fröhlich frequency, 13 F ϭͱ2 T 2 /3ϩ L 2 /3. For a constant rate of cubic BN growth, the radius a of the grains will be proportional to t 1/3 , where t is the time since initial nucleation of the cubic BN grains, and the average dipole strength per unit area of the substrate is proportional to t. We then integrate Eq. ͑3͒ over radii rϾ2a ͑i.e., assuming nonoverlapping grains͒ to obtain a total contribution to the depolarization field from other grains on the substrate which is proportional to t 2/3 . Defining a coalescence time t c as the time required for the grains to coalesce into a uniform layer of cubic BN, and noting that x,y → T and z → L as t→t c , we find that the time dependence of the mode frequency x,y for polarization parallel to the substrate is given by
and the mode frequency z for polarization normal to the substrate is given by
for tϽt c .
͑4b͒
For tϾt c , x,y ϭ T and z ϭ L . As we shall see in Sec. V, below, this model agrees well with the observed dependence of the mode shifts during the initial stages of growth. We note that this model does not assume that the grains are uniform in size over the substrate-only that their aspect ratio does not change much after initial nucleation.
IV. THEORY OF SHIFTS DUE TO STRAIN
The calculated strain shifts of the TO-phonon frequencies 28, 29 and calculated elastic constants 30, 31 of bulk cubic BN allow us to estimate the effects of film strain alone on the IR-absorption peaks. For a cubic material, there are three independent elastic coefficients 30, 31 and three independent coefficients of the phonon shifts. 28, 29 One irreducible component of the strain corresponds to isotropic strain ⑀ iso of the crystal, a second to uniaxial, traceless strain ⑀ ͓001͔ ͑E is the irreducible representation͒ along the ͓001͔ direction, and a third component to uniaxial, traceless strain ⑀ ͓111͔ ͑T 2 is the irreducible representation͒ along the ͓111͔ direction. Experimental values [32] [33] [34] [35] of the bulk modulus B of cubic BN are in the range 369-382 GPa. The single-crystal shear elastic constant C 44 has a measured value 33 of 480 GPa, and the other independent shear elastic constant C s can be obtained from the measured values 35 of the elastic constants C 11 ϭ820 GPa and C 12 ϭ190 GPa, as C s ϭ(C 11 Ϫ2C 12 )/2ϭ315 GPa. These coefficients have been calculated using pseudopotential plane-wave, total-energy methods 30 as Bϭ386 GPa, C s ϭ326 GPa, and C 44 ϭ483 GPa, and using all-electron, fullpotential linear muffin-tin orbital methods 31 as B ϭ400 GPa, C s ϭ327 GPa, and C 44 ϭ493 GPa. We calculated these coefficients independently, using linear combina-tion of Gaussian orbitals total-energy methods, as described in Ref. 28 , and found values of Bϭ375 GPa, C s ϭ326 GPa, and C 44 ϭ486 GPa, in excellent agreement with experimental measurements and with other calculations.
As discussed in Sec. II, above, SFM images indicate that during the initial growth of the cubic BN, the grains are oriented with their ͓111͔ axis normal to the substrate. We may assume that the normal component of the stress at the surface of the film is zero. The strain in the microcrystallites oriented with their ͓111͔ axes normal to the substrate with no normal stress on their free surface may be made up of an isotropic strain component of magnitude ⑀ iso and a T 2 irreducible, traceless strain component of magnitude ⑀ ͓111͔ . For the stress on the free surface to be zero, the strain components must satisfy ⑀ iso /⑀ ͓111͔ ϭϪ3B/(2C 44 )ϭϪ1.153.
The strain parallel to the substrate is ⑀ x,y ϭ⑀ iso Ϫ⑀ ͓111͔ /2. The TO-phonon shift for modes with polarization parallel to the substrate is given by
and the TO-phonon shift for modes with polarization normal to the substrate is given by
Using the irreducible strain shifts, 28, 29 we find a shift d x,y /d⑀ x,y ϭϪ34 cm Ϫ1 per 1% strain parallel to the surface for phonon modes with polarization parallel to the substrate, and a much smaller shift d z /d⑀ x,y ϭϪ4 cm Ϫ1 per 1% strain parallel to the surface for phonon modes with polarization normal to the substrate.
For a cubic BN thin film with randomly oriented microcrystallites, it is not possible to calculate the elastic constants and phonon strain shifts exactly, since the stress-strain relations depend on the shapes of grains within the material. 36 However, we can make an estimate of the elastic constants for the randomly oriented material by a spherical average of the irreducible components of the cubic system. This gives an estimate for the shear modulus C s ϭC 44 ϭ(3C 44 ϩ2C s )/5ϭ422 GPa for the randomly oriented material. ͑This estimate is based on the approximation that the strain is microscopically uniform throughout the material, and the shear modulus so obtained is an upper bound for the actual value of the shear modulus.͒ A similar isotropic averaging of the phonon shifts for the randomly oriented material gives an average shift of Ϫ17.6 cm Ϫ1 of modes with polarization along the strain for 1% traceless uniaxial strain, and ϩ8.8 cm Ϫ1 for modes with polarization perpendicular to the strain. Using these estimates for the randomly oriented material, we find that the frequency shift of modes with polarization normal to the film is approximately Ϫ7 cm Ϫ1 for 1% strain parallel to the film surface, whereas the mode with polarization parallel to the film has a frequency shift of Ϫ29 cm Ϫ1 per 1% strain. The above calculation of the mode frequency shift due to strain for polarization normal to the film assumes that changes in the transverse charge for the zone-center modes and the optical dielectric constant combine to give a bulk LO-TO splitting which is not strain dependent. This has been shown 23 to be approximately true in bulk cubic BN for isotropic strain, but has not been measured for unixial strains.
V. DISCUSSION AND CONCLUSIONS
From the experimental results and theoretical analyses presented above, the following overall picture of the mode frequency shifts during nucleation and growth of cubic BN emerges. At the initial nucleation stage the long-wavelength infrared radiation polarizes small separated cubic BN crystallites, leading to a long-range depolarization electric field. The effect of this field is seen as a shift in the TO-phonon frequency. As the islands coalesce to form a continuous film, the depolarization field for mode polarization parallel to the substrate surface rapidly vanishes, and the TO mode returns to an equilibrium value. The remaining small shift in the TO mode is a measure of the strain of the cubic BN layer. At the same time, the depolarization field for mode polarization normal to the surface becomes equal to that for a uniform film of cubic BN, and the mode frequency tends to the bulk LO value. We will show that this interpretation is compatible in every detail with measurements of infrared absorptance at off-normal incidence, whereas the expected effects of frequency shifts due to strain alone are not.
The very small ratio ⌬ z /⌬ x,y ϭ0.12-0.24 calculated ͑see Sec. IV, above͒ for the frequency shifts due to strain of modes with polarization normal to and parallel to the substrate is in agreement with our measurements of the peak shifts at off-normal incidence in thicker, more uniform films of cubic BN ͑see Table I and Fig. 3͒ . For thicker films the peak near the bulk cubic BN TO position shows a small systematic shift to higher frequencies with increasing film thickness, while the mode near the bulk cubic BN LO position ͑i.e., the mode with polarization normal to the surface͒ shows no discernable shift. Moreover, when such films are delaminated from their substrate, the TO mode frequency returns to the bulk, unstrained value of 1065 cm
Ϫ1
. This leads us to ascribe frequency shifts for thicker films to the effects of strain. The value T ϭ1077 cm Ϫ1 , found in the films immediately after coalescence, would indicate a compressive strain of 0.35-0.4 % parallel to the surface, based on the strain coefficients calculated in Sec. IV above. Moreover, we have found 37 that residual film strain decreases dramatically with growth temperature, resulting in a decrease in the cubic TO-phonon shift by 2 cm Ϫ1 per 100°C increase in growth temperature above 800°C.
However, during the initial stage of nucleation and growth of cubic BN, when the film consists of separated grains of cubic BN, the model presented in Sec. III leads us to expect large shifts in the frequency of the mode polarized normal to the surface, in contrast to the relatively small shift expected in strained homogeneous films. Considering the complications of the system geometry which occur in the real growth process, the experimental results are in remarkably good agreement with the detailed predictions of this model.
The ratios of the ͑negative͒ shift of the L 2 to the ͑posi-tive͒ shift of the T 2 at the initial stages of growth, as found in the off-normal absorption experiments, are listed in Table  I . We assume that the c-BN islands have a small intrinsic strain at early nucleation equal to that found immediately after coalescence ͑i.e., the TO frequency shift equals the measured TO frequency minus a strained equilibrium frequency of T ϭ1077 cm
ϭ2 is expected from the islanding effects discussed in Sec. III for samples at the early stages of nucleation, when the cubic BN grains are well separated. This is seen consistently in those samples where the shifts are sufficiently large to be reliably measured within the resolution of the FTIR spectrometer. The dashed line in Fig. 3 is a plot of T ϭ x,y in Eq. ͑4a͒ versus the growth time of cubic BN, using a coalescence time t c ϭ110 min. This coalescence time was determined by subtracting the time at which the growth of cubic BN starts ͑i.e., when the hexagonal BN layer is 300 Å thick, as indicated by TEM images͒ from the time at which the film coalesces ͑i.e., the time after which the frequency shift remains approximately constant͒. This coalescence time agrees well with the growth and coalescence of grains indicated in SFM images. The time axis in Fig. 3 is measured from the time at which cubic BN growth begins. We note that for very short growth times the absorption peaks are difficult to resolve due to the very low coverage of cubic BN.
In conclusion, we find no evidence in the IR-absorption peak shifts to support the theory that cubic boron nitride nucleates at a time of exceptionally high strain, or that large compressive strain is a driving force for the hexagonalto-cubic transition. Rather, we find that the very large frequency shifts that occur during early growth indicate the nucleation of small cubic BN grains when the hexagonal BN film is approximately 300 Å thick. Based on the time it takes to form a continuous cubic layer ͑110 min after the growth of the amorphous and hexagonal layers͒, the nucleation sites are separated from each other by Ϸ500 Å, and coalesce to form an approximately uniform layer when the grain size equals the average separation of the nucleation sites. This is consistent with the average grain size we measure from TEM darkfield image analysis and SFM images. While the results suggest that a small amount of compressive strain ͑0.35-0.4 %͒ is present at initial nucleation, this strain is smaller than that observed in thicker films. Moreover, regardless of the decrease in residual film strain ͑to values well below that needed for bulk-phase thermodynamic stability of cubic BN͒ at higher growth temperatures, we continue to see the amorphous-hexagonal-cubic morphology, further indicating that strain has little to do with the formation of cubic BN films. We note that the present results for the shifts of the IR-absorption peaks are compatible with the proposal 5 that energetic ions serve to disrupt the sp2-bonded hexagonal BN material, creating local sp3 bonding sites for the nucleation of the metastable cubic BN.
